In this paper an attempt was made to detect Staphylococcal enterotoxin B (SEB) both by electrochemical and fluorescence immunoassay methods using zinc sulphide (ZnS) QDs. Wet-chemical method was adopted for the preparation of fluorescent ZnS QDs (diameter $ 5-10 nm). These QDs were bioconjugated with monoclonal antibodies and then characterized by various method. A detection limit of 0.02 ng mL
Introduction
Staphylococcal enterotoxin B (SEB) is super antigenic in nature causing acute food poisoning known as staphylococcal food poisoning (SFP). SEB is categorized as serious biological warfare agent. The ED 50 and LD 50 for SEB were found to be 0.4 ng kg À1 and 20 ng kg
À1
, respectively [1] . Because of its high toxicity it is necessary to detect this toxin in field conditions. Previously, SEB was detected by various methods such as microslide method [2, 3] photonic crystal lab-on-a-chip method [4] , ELISA [5] , liquid chromatography mass spectrometry [6] , cantilever sensor [7] , piezoelectric crystal immunosensor [8] and surface-enhanced Raman scattering probe [9] etc. (Table 1) .
But all these methods are very cumbersome, time consuming as well as expensive. At present, electrochemical immunosensors is the centre of attraction for the researchers because of their simplicity, reproducibility and compatibility with advanced technology [10] . Enzymes were used as labels for the electrochemical immunosensing of SEB [11, 12] . Some reports are also available using various nanomaterials such as carbon nanotubes [13] , gold nanoparticles [14] , silica nanoparticles [15] and semiconductor nanocrystals [16] which were used earlier for the detection of SEB. Fluorescent based detection of SEB was achieved by various quantum dots [17, 18] . It is known that fluorescence immunoassay of QDs depend upon the size. Hence, great control needs to be exercised in their preparation which will increase the cost of detection method. Also it requires costly instrument and is not field usable. The standard ELISA method also needs costly instrument and use enzymes which may deteriorate over a period of time and also it is not field useful. On the other hand electrochemical immunoassay attracted due to their simplicity, low cost and portable field usable instrumentation. Attempts were made by several authors to use metal nanoparticles [26, 14, 15] , quantum dots [27] , carbon nanotubes [13] and redox labels [24, 25] .
Recently QDs get attention due to their good electrochemical as well as fluorescent properties. In the literature the QDs were used to develop immunosensors either by electrochemical or fluorescence methods. And it is not possible to compare relative efficiency of these methods because different types of antigen-antibodies were used by the authors. This is because the sensitivity will also ]. However, all are giving sensitivity at the nanogram levels which is much lower than the LD 50 value. Hence, all are acceptable and we recommend electrochemical method because of low-cost, no use of enzyme, and independent on QDs size. So, for the utility point of view electrochemical method is more preferred.
In this paper, fluorescent ZnS QDs are used for the electrochemical immunosensing as well as fluorescent detection of SEB. These QDs are biocompatible, non-toxic and can be used as suitable label for the identification of SEB. EDC/NHS chemistry is followed for the bioconjugation of mouse anti-SEB monoclonal antibodies with ZnS QDs (i.e., revealing antibodies) are used for signal production. Direct sandwich ELISA procedure is implemented for the sensing of SEB. For this purpose, capturing antibodies were physically adsorbed on to the screen-printed electrode (SPE). After blocking with bovine serum albumin (BSA), different concentrations of SEB were added. These electrodes were further incubated with revealing antibodies. Finally, 1 N HCl is added on SPE to dissolve the ZnS QDs which were bound in the sandwiched immunoassay and the dissolved zinc ions were analyzed by electrochemical square wave voltammetric (SWV) method because of well reported oxidation potentials of Zn 2+ À1.0 V vs. Ag/AgCl electrode [19] . The voltammetric current response was increased with increasing the concentration of SEB. Under optimized conditions, we can easily detect SEB at its various concentrations ranging from 10 ng mL À1 to 1 mg mL
, with a readily achievable detection limit of 1 ng mL À1 within 1.5 h. Till date, there is no report for the electrochemical immunosensing of SEB using ZnS QDs. SEB is also detected by ELISA and QDs-FLISA using the same batch of antigen-antibody and the obtained results were compared in terms of sensitivity, ease of experimentation and analysis time. In ELISA (detection limit 0.24 ng mL À1 , analysis time 3-4 h) and QDs-FLISA (detection limit 0.02 ng mL
, analysis time 2-3 h) was obtained. As compared to above methods the sensitivity of electrochemical detection was low (i.e., 1 ng mL
, analysis time 90 min) but it fulfills the condition required for the minimum desired concentration of SEB which can generate illness to human and can be applicable for field diagnosis. As well as electrochemical approach is simple and faster as compared to ELISA and QDs-FLISA which are usually laboratory based techniques that require longer incubation steps and large volume of biomolecules. Also the handling with sophisticated 96-well Maxisorp microtiter ELISA plate was very tedious and required well trained personnel. We are sure that still there is no report in the literature on the immunosensing of SEB based on ZnS QDs using electrochemical method.
Materials and method

Reagents and apparatus
Rabbit anti-SEB polyclonal antibodies (used as capturing antibodies), SEB, and mice anti-SEB monoclonal antibodies (used as revealing antibodies) were purified, validated and estimated in Biotechnology division of our laboratory. Zinc nitrate tetrahydrate Zn(NO 3 ) 2 Á4H 2 O, sodium sulfide (Na 2 SÁ9H 2 O), 3-mercaptopropanoic acid (MPA), BSA, 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC), N-hydroxysuccinimide ester (NHS) and Tris-HCl were purchased from Sigma-Aldrich. Tris-HCl (0.1 M, pH 7.2) is used for immunoreactions and washing. Chemicals which are used in the analysis but not listed above were of analytical reagent (AR) grade. Aqueous solutions were prepared in ultrapure triple distilled Millipore water for experimentation.
Three-electrode cell system i.e., a platinum electrode, Ag/AgCl/ saturated-KCl and glassy-carbon electrode (GCE) was used as counter, reference and working electrode, respectively. All the three electrodes were connected with an Autolab PGSTAT potentiostat/galvanostat (Eco Chemie, The Netherlands). In house prepared screen-printed electrodes (3 mm in diameter) were used for physical immobilization of biomolecules. Quanta 400 ESEM (The Netherlands) was used for SEM/EDAX measurement. Implen nanophotometer (serial no. 1257) was used for UV-vis spectrum analysis. Raman spectra of unfunctionalized and carboxylic (-COOH) group functionalized ZnS quantum dots were taken with the help of Renishaw inVia Raman microscopy. ELISA plate reader (Bio-Tek Instruments Inc., USA) was used to perform ELISA. Multimode micro plate reader (model 54MLFPTA, Bio-Tek Instruments Inc., USA) was used for quantum dot based fluorescencelinked immunosorbent assay (QD-FLISA). Triple distilled deionized water was obtained from water purification system (Millipore, USA). All electrochemical measurements were performed at room temperature.
Synthesis of mercaptopropanoic acid-capped zinc sulfide quantum dots
Mercaptopropanoic acid (MPA) functionalized zinc sulfide quantum dots were synthesized via the following procedure. First, zinc nitrate (0.04 M, 20 mL) solution A and sodium sulfide (0.02 M, 20 mL) solution B was prepared separately. Mercaptopropanoic acid (MPA) (0.64 mmol, 36 mL) was prepared and stirred for 5 min solution C. In the next step, 2 mL of solution A was dropped slowly in the solution C with constant stirring for 10 min. Then this mixture was titrated with tetrabutylammonium hydroxide (TBAH). Adjusted pH was 7.2 and stirred for 10 min followed by rapid addition of 4 mL of solution B. Then, wait for 5 min before adding another 6 mL of solution A. pH 7.2 was maintained by adding TBAH with constant stirring for 5 min. The obtained MPA-capped zinc sulfide quantum dots were clear and colorless. The final volume of the quantum dots solution was 50 mL and the concentration was about 1.6 mM as reported in the literature [20] . Uncapped zinc sulfide QDs were also synthesized for comparison (Supplementary information).
Preparation of zinc sulfide QDs tagged mouse anti-SEB monoclonal antibodies (revealing antibodies)
EDC/NHS-chemistry was used in this paper for the preparation of ZnS QDs mouse anti-SEB monoclonal antibody conjugates as shown in Scheme.1A. This method was available in the literature [21] . Before conjugation the carboxylic groups present on the surface of ZnS QDs were first activated by adding 10 mM EDC and NHS. After stirring for 30 min, this mixture was centrifuged for 1 min at 5000 rpm. The solution was decanted and the pellet was dissolved in 250 mL Tris-HCl. In the next step, the activated QDs solution was mixed with 160 mL of monoclonal mouse anti-SEB antibodies (1 mg mL
À1
) for 1 h. After that, this mixture was centrifuged for 10 min at 14,000 rpm. The supernatant solution was decanted and the collected revealing antibodies were resuspended in 500 mL Tris-HCl containing 0.04% BSA. These revealing antibodies were used for sensing of SEB.
Fabrication of electrochemical immunosensor
Electrochemical immunosensing of SEB was performed using the principle of direct sandwich ELISA but here ZnS QDs linked antibodies were used as revealing antibodies in place of enzyme linked antibodies. In the standard protocol, physical adsorption of 5 mL of rabbit anti-SEB polyclonal antibodies (concentration 125 mg mL À1 ) optimized in our previous studies was coated on screen-printed electrode (SPE) herein used as an immobilization platform as shown in Scheme.1B. Then, the disposable SPE is left for the incubation for 1 h at 37 C. To reduce the nonspecific adsorption effect, solution of 3% BSA in 0.1 M Tris-HCl pH 7.2 was used for blocking. In the next step, 5 mL of different concentrations of SEB in buffer solution was added and further incubated at 37 C for 15 min. SEB antigen was captured due to the highly specific and selective antigen-antibody interaction and immunocomplex was formed. Subsequently, 5 mL of mouse anti-SEB monoclonal antibodies tagged with ZnS QDs (revealing antibodies) were added and incubated at 37 C for 30 min (optimized time). 0.1 M Tris buffer pH 7.2 was used to rinse the electrode surface after each incubation step. Before going to the electrochemical measurement, the acid dissolution step was carefully performed. In this step, 20 mL of 1 N HCl solution was added on SPE for 30 min to dissolve the captured ZnS QDs bound in the immunosensing layer and to release the zinc ions. Then, this SPE was carefully transferred in the cell containing 2 mL of acetate buffer (0.2 M, optimized pH 5.0) and SWVexperiment was performed using GCE as a working electrode as described in the next coming section.
Electrochemical detection
In order to get well-defined, sharp and highly reproducible voltammetric signal following parameters such as conditioning potential of +0.6 V for 60 s, deposition potential of À1.4 V for 160 s, equilibration time of 10 s, modulation amplitude of 30 mV, step potential of 5 mV, and square wave frequency of 35 Hz (optimized in this study) were used as it is for all the electrochemical measurements. GPES 4.9 software was used for the baseline correction of the obtained voltammogram.
Results and discussion
Scanning electron microscopy (SEM)-characterization of ZnS QDs, MPA-capped ZnS quantum dots and zinc sulfide QDs tagged mouse anti-SEB monoclonal antibodies conjugates
Size and morphology of the capped and uncapped ZnS QDs was studied by scanning electron microscopy (SEM). SEM image shows that the prepared quantum dots were regular in shape and uniformly distributed. The diameter of the MPA-capped ZnS QDs was less than 20 nm that was much smaller than the uncapped ZnS QDs. The capping agent covalently bound to the surface of the quantum dot via disulfide bond and reduced the surface tension of the dot. SEM image of ZnS QDs tagged mouse anti-SEB monoclonal antibodies conjugation is shown in Fig. 1c . The carboxylic group functionalized ZnS QDs surface can easily bound to the mice anti-SEB IgG with high density which are called "bionanoconjugates or revealing antibodies". It was clearly seen in the SEM-image that 10-20 nm sized quantum dots were present in the prepared bionanoconjugates. In addition, Raman, EDX and UV-vis characterization data of QDs are given in the Supplementary information in Fig. S2-S4 , repectively.
SDS-PAGE analysis of purified rSEB, mouse anti-SEB IgG, rabbit anti-SEB IgG and zinc sulfide QDs tagged mouse anti-SEB monoclonal antibodies conjugates
SDS-PAGE was performed to check the purity of SEB, rabbit anti-SEB IgG and mouse anti-SEB IgG. Two bands are observed that correspond to heavy and light chain of the purified rabbit and mice IgG raised against SEB (lane 3 and 4, respectively in Fig. 2a) . A sharp band around 28.4 kDa (lane 2 in Fig. 2a) clearly indicates the presence of SEB toxin. Conjugation of mice anti-SEB antibodies with QDs was also confirmed by SDS-PAGE. Mice anti-SEB monoclonal antibodies were covalently bound with MPA-capped ZnS QDs using EDC/NHS chemistry. Due to large size, revealing antibodies (QD-Ab) did not run and remained in the loading wells of the gel (lane 1 in Fig. 2(b) . Therefore, after staining with coomassie blue intense band is visualized in the loading well in lane 1 of Fig. 2b which corresponds to the covalently bounded QDAb conjugates. The two weak bands at 27 kDa and 52 kDa were also observed in lane 1 of Fig. 2b . This may be possible that two weak bands in the gel are appearing from the residues of antibodies during purification after conjugation. Another possibility is that due to the presence of small amount of reducing agents such as 2-mercaptoethanol, dithiothreitol, etc., during SDS-PAGE, sample preparation might partially cleave the loosely bound antibody fragments attached with QDs. In the present method, antibodies were covalently bound with ZnS QDs and zinc also have excellent biocompatibility. Since the chances of bond breaking are very less after conjugation, SDS-PAGE method for characterization of QDs-antibody confirmatory binding with different linkers is reported in the literature [23] . Western blot for the validation of purified antibodies is given in Fig. S1 . Electrochemical SWV, BCA and AFM-characterization data of revealing antibodies are provided in the Supplementary information in Fig. S8-S10 , respectively.
Effect of pH on photoluminescence (PL)-spectra of MPA-capped ZnS QDs
PL-study was performed to check the fluorescence properties of MPA-capped ZnS QDs. Luminescent properties of ZnS are very well known [30, 28] . When ZnS crystal was excited with an external light source, a pair of electron-hole was generated. After excitation, these electron-hole pairs recombined to give emission wavelength. To show the PL-characteristics, ZnS QDs absorb high energy photons which excite the electrons to reach in the conduction band (CB) from the valence band (VB) of Zn 2+ levels.
These excited electrons decay non-radiatively to the surface states and then decay radiatively to the valence band and a lower energy photon was emitted [29] . The energy of excitation and emission was recorded in terms of wavelength and the number of electronhole pairs generated was determined in terms of intensity with the help of spectrophotometer. The results indicated that highest intensity was obtained for the ZnS QDs at pH 12 condition when were excited at 260 nm and the emission wavelength was observed at around 378 nm (Fig.3c) . The photoluminescence emission was observed due to presence of the band edge and stoichiometric vacancies [32] . The obtained results were compared with those bulk ZnS material reported. The PL-emission was observed at 450 nm for bulk ZnS by Chen et al. [31] . In case of ZnS nanoparticles, the PL-emission wavelength was decreased and reached at around 400 nm [29] . At pH 12 conditions, high density of carboxylate (-COO À ) ions were present on the QDs surface which repel them from each other. Hence, good dispersity was observed in their dispersions. Further, increasing the pH from 12 of the ZnS QDs dispersion the luminescence intensity was very poor which could not be observed. This was due to the formation of precipitate of zinc hydroxide and there were no more QDs. In more acidic medium (less than pH 6) the luminescence emission intensity was also very small and could not be recorded. This was due to the protonation of MPA attached to the ZnS QDs and consequent removal of capping from the ZnS surface. This will make the QDs unstable and they will tend to agglomerate. The PL-spectra of MPA-capped ZnS QDs at pH 7 and pH 10 are given in Fig. 3(a) and (b), respectively. Similar effect of lower and higher pH on fluorescence intensity was reported in the literature for the mercaptoacetic acid capped CdS quantum dots [33] .
Sensitivity of ELISA and QDs-FLISA for SEB
The sensitivity for detection of SEB was checked using ELISA and QDs-FLISA. For this purpose, 96-well Maxisorp microtiter ELISA plate was first coated with 100 ng mL À1 (optimized from checker board) of rabbit anti-SEB IgG (100 mL/well). After blocking with BSA, different concentrations of SEB antigen were added in respective wells. For ELISA, 100 ng mL À1 (optimized from checker board) of mouse anti-SEB IgG was added and after that 100 mL of HRP-conjugated anti-mouse immunoglobulin (1:1000) were added in each well. Plate was washed three times with PBST and padded dry after each step of incubation. In the next step, fixed amount (100 mL/well) of substrate (ABTS + H 2 O 2 ) was added to each well. Then the plate was incubated for 30 min in dark at 37 C for the color development. After this, plate was read using microplate reader at 410 nm wavelength. For QDs-FLISA, after addition of SEB antigen then optimized dilution (1:800) of ZnS QDs tagged mouse anti-SEB IgG from checker board was added and the fluorescence intensities were recorded at 380 nm wavelength when the plate was excited at 260 nm. Fig. 4(a) and (b) is obtained for detection of SEB using indirect sandwich ELISA and QDs-FLISA, respectively. The cut off value was calculated using the standard formula given by Snyder et al. [22] : cut-off value = (3 Â standard deviation) + mean value of blank i.e., for ELISA, 3 Â 0.02640 + 0.61 = 0.689 was obtained and for QDs-FLISA, 3 Â 565.5 + 17505.6 = 19202 was obtained. The detection limit was found to be 0.24 ng mL À1 and 0.02 ng mL À1 of SEB using ELISA and QDs-FLISA, respectively.
Optimization of various parameters
Before going for electrochemical detection of SEB various parameters were need to be optimized to achieve the high sensitivity. These parameters including: square wave frequency, modulation amplitude, deposition time, incubation time and pH of buffer medium. In brief, 35 Hz frequency, 30 mV amplitude, 160 s deposition time, 30 min incubation time and pH 5 of the buffer was optimized and used as such throughout the experiments for the electrochemical detection of SEB. Optimization details and results are mentioned in Fig. S5(a-c) , S6 and S7 in the Supplementary information.
Square wave voltammetric (SWV) detection of SEB
Square wave voltammetry is a useful electrochemical technique studied for the analysis of various metal ions in their trace quantity. In this approach, electrochemical detection of SEB was performed using monoclonal mouse anti-SEB IgG tagged with ZnS QDs conjugates which were used as revealing antibodies. 1 N HCl solution was used to dissolve the bound ZnS QDs which were captured in the sandwiched immunosensing layer. The glassy carbon electrode was used as working electrode during the SWV scan and the aqueous soluble Zn 2+ ions were detected. The current response was increased with increasing the concentration of SEB antigen. The square-wave voltammograms obtained at different concentrations of SEB antigen are shown in Fig. 5a . The calibration curve was plotted as shown in Fig. 5b . Under optimized conditions, the peak current was increased with increasing the concentration of SEB ranging from 10 ng mL À1 to 1 mg mL À1 and 1 ng mL À1 detection limit was achieved at room temperature. BSA-blocked primary antibody was directly incubated with revealing antibodies without addition of SEB was considered as blank. Response was not observed in the blank experiment. Cut-off value was calculated by the standard formula i.e., cut-off value = blank response + 3 Â standard deviation. We can state that square-wave voltammetric response greater than 4.62 mA (blank response + 3 Â standard deviation; 3.51 + 3 Â 0.37 = 4.62 mA) was SEB positive. The detection limit i.e., 1 ng mL À1 was easily achieved under optimized conditions. In this approach, the sensitivity obtained for the SEB was comparatively low from ELISA and QDs-FLISA but this technique satisfies the condition of minimum requirement for the detection of SEB. The electrochemical signal was obtained due to highly specific monoclonal SEB antibodies which were covalently bound to the capped-ZnS QDs and hence contain high density of ZnS QDs for each SEB antibody which was mainly responsible for the binding to SEB antigen. 14.28% Zn was present in 85.72% of revealing antibodies by weight. The voltammetric signal was achieved by dissolved ZnS QDs which were captured in the sandwiched immunocomplex and the trace amount of zinc ions was determined using SWV-technique. This methodology was obviously very simple and reproducible for the detection of SEB antigen.
Conclusions
In this paper, a novel method for electrochemical and fluorescence based immunosensing of SEB was explored, based on non toxic and biocompatible ZnS QDs was described and the results were compared with conventional ELISA method. Our results obtained by fluorescence method are close to the reported values in the literature. However, electrochemical technique is preferable due to the following reasons: (1) sufficient sensitivity, (2) does not suffer from problem with particle size and agglomeration of quantum dots, (3) faster analysis, (4) cheaper instrument, and (5) can be done even onsite. The sensitivity obtained by electrochemical SWV-method and QDs-FLISA was 1 ng mL À1 and 0.02 ng mL
À1
, respectively. In the conventional ELISA, HRP-enzyme linked antibodies were used and 0.24 ng mL À1 detection limit was achieved for SEB. Hence, electrochemical detection method is found to be more suitable but for laboratory fluorescence method can be used because of its high sensitivity. 
